The evaluation of pressure loss in gas-liquid two-phase flow through singularities is important for designing compact heat exchangers such as cooling devices in electronic equipment. However, the accurate evaluation methods are scarce especially for mini-channel flow. In the present study, air-water twophase flow and water single-phase flow experiments were conducted at room temperature using three kinds of horizontal rectangular mini-channels each with a U-bend, sudden expansion, and sudden contraction. The width and depth of the rectangular cross-section of the channel with U-bend were 3 mm by 3 mm, while those with sudden expansion and/or sudden contraction were 3 mm by 3 mm and 6 mm by 3 mm. The flow regimes covered were bubble, slug and annular flows. Reynolds number range for water was from 240 to 9300, while that for air from 17 to 3200. The local pressures upstream and downstream from the singularity were measured with calibrated pressure sensors to determine the frictional pressure drop in the channels upstream and downstream from the singularity, together with the pressure drop at the singularity. Video photography of flows was also conducted to determine flow regime, bubble velocity and void fraction. In the analysis, the frictional pressure drop data and the pressure drop data at the singularity were compared with calculations by various correlations in literatures. Results of such experiment and analysis are described in the present paper.
Introduction
A lot of studies have been conducted for two-phase gas-liquid flows in ordinary sized channels with singularities as reported by, say, Chisholm [1] . Recently, however, compact heat exchangers with phase change, such as cooling devices of electronic equipment, are miniaturized. For designing such devices, it is very important to estimate the characteristics of heat transfer and pressure drop of two-phase flow in mini-and micro-channels of 100 µm to 10 mm not only for straight cannel flows but also for flows with singularities.
Recently, Kawahara et al. [2] [3] [4] in our group started to study two-phase flow in square and rectangular micro-channel with singularities arranged on a horizontal plane. The cross-sectional sizes of the channels are 300 µm by 300 µm for the channel with U-bend [2, 3] , and 300 µm by 300 µm and 300 µm by 600 µm for the channel with sudden expansion and/or sudden contraction [4] . They changed the working liquids to study the effects of liquid properties, i.e., surface tension, viscosity and density.
In the present study, experiments have been conducted with a new test channel whose cross-section is ten times larger than Kawahara et al. ' s, and with air and water as the working fluids to know the effects of channel size. Main parameters measured are frictional pressure drop, bubble velocity and void fraction in the straight channel sections, and pressure drops at U-bend, sudden expansion and sudden contraction. In the analysis, pressure drop data at the singularities are compared with the calculations by correlations in literatures for U-bend [5] [6] [7] [8] [9] [10] [11] , sudden contraction [12] [13] [14] [15] [16] and sudden expansion [13, [17] [18] [19] [20] . Results of the experiments and the analysis are described in the present paper.
Experiment

Experimental apparatus
Figure1 shows the present test channels with (a) U-bend and (b) sudden expansion and/or contraction placed on a horizontal plane. The cross-section of the channel with U-bend is rectangular of 2.99 mm in depth and 3.11 mm in width, and the hydraulic equivalent diameter, D H , is 3.05 mm. Since curvature radius, R, is 6.0 mm, thus the radius ratio, 2R/D H , is about 4.0. The cross-section of the channel with sudden expansion and/or contraction is also rectangular. The depth, the width and the hydraulic diameter for the narrow channel are 3.01 mm, 2.88 mm and 2.95 mm, while those for the wide channel are 3.03 mm, 6.0 mm and 4.03 mm, thus the ratio of expansion and/or contraction is about 2 and/or 1/2.
Experiments were conducted for water single-phase flow and air-water twophase flow at room temperature. The ports 1 and 3 in Fig. 1 (a) are water and air inlets, while the port 2 is usually closed and the port 4 is exit of air-water mixture. Volume flow rate of air, Q G , was measured with a couple of flow meter with different range within 2%, while that of water, Q L , with a flow meter within 1%. P1 to P9 are the pressure taps, and pressure at P3 was measured with a gauge type pressure transducer. The pressures at other pressure taps were determined from the pressure difference between each tap and the P3 tap measured with a couple of differential pressure transducer. The accuracy of the pressure measurement was within 3.5 Pa from a calibration test. In order to obtain accurate time averaged pressures, the output signals from the sensors were fed to a personal computer via A/D converter at 1 kHz and total data point of 2000. However, for highly fluctuating flows, the data point was increased up to 6000. Test channels.
P1
In two-phase flow experiments, in addition to the pressure measurements, a high-speed video photography at 1000-4000 frames/s was conducted to determine flow pattern and bubble velocity, u G , in bubbly and slug flows in three sections marked with broken circles in Fig. 1 . Furthermore, void fraction, α, was determined by substituting the u G and the gas volumetric flux, j G , into α = j G/ u G .
The ranges of volumetric fluxes of water and air for the U-bend channel are 0.1 < j L < 2.0 m/s and 0.08 < j G < 10.1 m/s, and those of non-dimensional parameters defined by eqn. (1) are 240 < Re L < 5000, 20 < Re G < 3100, 0.4 < We L < 165, 0.0004 < We G < 7.2, 1.22 < Bo < 1.23 and 0.002 < Ca < 0.003.
Here, the subscript k is L for water and G for air. The ranges of them for the narrow channel of the sudden expansion and the contraction channels are similar to those for the U-bend channel. The flow regimes covered were bubbly, slug and annular flows, but mainly on bubbly and slug flows.
Reduction in pressure drop data
Figures 2(a) and (b) show typical pressure distribution data for single-phase flow at u n = 1.0 m/s. Here, u n is the mean velocity in the narrow channel of the contraction and the expansion channels and in the U-bend channel. The ordinate is the gauge pressure, while the abscissa the distance from the singularity. The pressure in the straight channel region drops lineally with the distance, while the pressure at the singularity suddenly drops or rises. Thus, the friction factor, λ, was determined from the distribution data in the straight channel regions.
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Expansion (a) U-bend and contraction channels (b) Expansion channel ∆P E , smaller than ∆P Eid by the irreversible pressure drop, ∆P Eir , for generating vortices at the inlet of the wide channel, etc. Such an irreversible pressure drop is not dealt with in the present study, but the pressure change as a whole, ΔP B , ΔP C , and ΔP E , is done by introducing the following pressure loss coefficients:
In two-phase flow, the pressure drop in the straight channel sections is composed of the friction and the acceleration components. Of these, the acceleration component can be evaluated from the difference in momentum fluxes of gas and liquid between the outlet and the inlet of the singularity:
. (4) Here, G is the total of gas and liquid mass fluxes, x the quality, and α the void fraction. In the present study, the void fraction was calculated by substituting gas and liquid volume flow rates data, Q G and Q L , into the Armand's correlation [25] , which is applicable to the present void fraction data as described in Sec. 3.4:
Though the acceleration component is only 0.005% at maximum of the total in the present experimental range, the frictional component was determined from the measured pressure drop by subtracting the calculated acceleration component. ( )
Here, Re = ρ u D H /µ and α* is the aspect ratio of the rectangular channel.
U-bend
Blasius' Eq. In laminar flow region, the data agree well with the calculated curve, meaning the accurate measurements for the present experiments. In turbulent flow region, the data take lower value than the calculation and their trend is complex. In the U-bend channel, non-symmetrical flow caused by centrifugal force continues for a long distance, and the distance seems to increase with the Reynolds number. In the contraction channel, friction factor for the narrow channel decreases with increasing of Re similarly to laminar flow and approaches to the calculation by Blasius' equation. Figures 4(a)-(c) show the pressure loss coefficient data at the U-bend, the sudden contraction and the sudden expansion.
Pressure drop at singularity in single-phase flow
For the U-bend channel, the k B in turbulent flow take a minimum value of 0.7 at Re n ≈ 3500, and is not constant. For a comparison, calculated values by Ito's eqn. (7) in Re (r/R) 2 > 91 [22, 23] and Idelshik's eqn. (8) [24] for turbulent flow in ordinary sized U-bend with circular cross-section of radius r and curvature radius R is drawn as broken curve and solid curve in Fig. 4(a) .
Here, θ is 180 degree for U-bend, the friction factor, λ, is given by Ito's previous paper [23] .
The resulting k B by eqn. (7) is less than 1/3 of the present data, and that by eqn. (8) is less than 2/3 of the present data. The disagreement between the data and the calculations is presumably attributable to the difference in the crosssectional shape and the channel size.
For the contraction channel, k C in turbulent flow is well correlated with:
Here, Re n is the Reynolds number for the narrow channel downstream from the sudden contraction. In common text books of "Fluid Mechanics", k C is given by ( )
The contraction coefficient, C C , for ordinary sized circular pipes is taken as 0.59 at a maximum. However, C C for the present contraction channel is between 0.44 and 0.5 as shown in Fig. 4(b) , and C C for Kawahara et al.'s microchannel with contraction [4] was 0.336 in Re n > 80. This suggests that C C decreases with the channel size in mini-and micro-channels. For the expansion channel, k E in turbulent flow is about 0.4, but with decreasing of Reynolds number it increases to a maximum value of about 0.84 and decreases. In common text books of "Fluid Mechanics", k E for ordinary sized circular pipes is given by the well-known Borda-Carnot's formula:
Here, σ A is the area ratio of the narrow channel to the wide channel, A n /A w , and 0.5 for the present expansion channel, thus k E by eqn. (12) is 0.25. This suggests that k E increases with decreasing of the channel size in mini-and micro-channels. Fig. 6 (a) became slender after entering into the narrow channel and became large gas bubbles, being longer than the channel width. Thus, there exists a bubbly flow in the wide channel and a slug flow in the narrow channel at a transition to slug flow. In Fig. 6(c) , the vena contracta seen in single-phase flow was confirmed in the gas core flow in the narrow channel downstream from the sudden contraction.
Figures 7(a)-(c) show typical flows in the expansion channel at j L = 0.5 m/s, respectively for a bubbly flow, a slug flow and an annular flow. In Fig. 7(b) , large gas bubbles in the narrow channel broke into small distorted bubbles in the wide channel, and the flow pattern in the wide channel became bubbly flow. In Fig. 7(c) , twin vortices occurred in the dead water zone in the wide channel just downstream from the sudden expansion. 
Bubble velocity and void fraction in two-phase flow
Figures 8(a)-(c) show the void fraction data at each observation section, α, determined from the bubble velocity data against the gas-phase volume flow rate fraction, β. All α data agree well with α = 0.833 β, Armand's correlation [25] applicable to horizontal circular pipe flows, regardless of the observed positions. Singularity pressure drop correlations in literatures are tested against the present data. For evaluating the accuracy in prediction, the following absolute mean and root mean square error are used. The reason is the accuracy of the ∆P data was low in low ∆P data and high in high ∆P data, and the evaluation by weighting the high ∆P data is reasonable. (8) is the best, which is recommended by Padilla et al. [26] . Table 2 lists those of five sudden contraction pressure drop correlations. Of these, the Schmidt and Friedel's correlation [14] is the best. Table 3 lists those of five sudden expansion pressure drop correlations. Of these, Wadle's correlation [18] is the best. Figures 10(a) -(c) compare two-phase singularity pressure drop between experiment and calculation, respectively by Chisholm's correlation [9] for the Ubend, Schmidt and Friedel's correlation [14] for the sudden contraction and Wadle's correlation [18] for the sudden expansion, which showed the best predictions for the present data. Most of the data in 0.5 < j L < 2.0 m/s are well (a) Chisholm [9] (b) Schmidt and Friedel [14] (c) Wadle [18] Figure 10: Comparison of two-phase singularity pressure drop between experiment and calculation.
predicted within 100% in relative error. The data at jL = 0.1 m/s, however, are not well predicted because of the inaccuracy in the measurements. Further studies are needed to obtain better correlations of kB, kC and kE respectively for U-bend, sudden contraction and sudden expansion applicable to single-phase flows in various sized mini-and micro-channels. For that, it is necessary to conduct experiments using different working fluids and the present test channel together with new mini-and micro-channels with different size.
Conclusions
Air-water two-phase and water single-phase flow experiments were conducted at room temperature using horizontal rectangular mini-channels each with U-bend, sudden expansion and sudden contraction. The width and the depth of the rectangular cross-section of the channel with U-bend were 3 mm by 3 mm, while those with the sudden expansion and/or the sudden contraction were 3 mm by 3 mm and 6 mm by 3 mm. The flow regimes covered were bubble, slug and annular flows. The following are the main findings: (1) The U-bend pressure loss coefficient in single-phase turbulent flow for the present channel was 1.5 times or more high than that for ordinary sized circular pipes. The sudden contraction one was also higher, and decreased with the channel size in mini-and micro-channels. The sudden expansion one was also higher, and increased with decreasing of the channel size. (2) The present void fraction in bubbly and slug flows in the straight channel sections agreed well with the calculations by Armand's correlation [25] . (3) The present two-phase pressure drop at the U-bend was best predicted by Chisholm's correlation [9] with Idelshik's single-phase pressure loss coefficient [24] . That at the sudden contraction was best predicted by Schmidt and Friedel's correlation [14] , and that at the sudden contraction by Wadle's correlation [18] . The data at j L = 0.1 m/s, however, was not predicted well because of the inaccuracy in the measurements.
